A variety of species of ruminal bacteria were screened for the ability to grow in starch-containing medium and produce amylase. Of cell-associated activity of B. fibrisolvens A38 or the activity of R. amylophilus H18, which was equally divided between cell pellet and extracellular fluid fractions. Digestion of amylose by extracellular amylolytic activities produced by these six strains yielded mixed oligosaccharides (glucose through maltoheptaose). On the basis of these data, these strains of ruminal bacteria produce amylases with endo-splitting activity similar that of to a-amylase.
Starch is an important component of ruminant diets, particularly for feedlot steers and highly productive dairy cattle that are fed diets high in grain. Although feeding of high-starch diets has been an effective means of providing ruminants with a readily fermentable energy source, these diets have also been associated with a number of digestive disorders. These include lactate acidosis, low-fat milk syndrome, rumen parakeratosis, and liver abscesses (4, 7, 16) . Many of these problems are the result of low ruminal pH caused by the rapid fermentation of starch and the accumulation of fermentation acids, particularly lactic acid (7, 16) . Clearly, controlling the rate of starch fermentation would be of benefit in avoiding these problems.
Although starches generally are fermented rapidly in the rumen, the extent of digestion is incomplete and considerable starch escapes ruminal fermentation. This is particularly true if corn or sorghum is the major source of starch provided in the diet (19) . Much of this starch can undergo fermentation in the lower gut (colon and cecum); however, lower-gut starch fermentation represents a loss to the animal in the form of microbial cells (the major source of protein and vitamins for the host) that would be produced in the rumen (19) . Improving ruminal digestion of starch should minimize these losses and result in an improvement in the efficiency of animal production.
To achieve these goals, it is necessary to identify the major starch-degrading microorganisms in the rumen and study the biochemical and physiological mechanisms of starch utilization by these species. A variety of ruminal bacteria exhibit the ability to utilize starch as a growth substrate and are present in the rumen in sufficient numbers to be of quantitative significance in the fermentation of this substrate. These species include Bacteroides ruminicola, Ruminobacter amylophilus (formerly Bacteroides amylophilus [17] ), Butyrivibrio fibrisolvens, Selenomonas ruminantium, and Streptococcus bovis (14) . Of the amylolytic activities of these species, only that of S. bovis has been examined in detail (10, 22, 23) . S. bovis grows very rapidly on starch, producing an a-amylase-like activity, and the proliferation of this organism in animals fed high-grain diets has been implicated as a critical event in the processes leading to lactate acidosis (11) . Very little is known, however, about the relative amylolytic activities of other ruminal species or whether these enzymes are regulated in any way. The objectives of the present study were to determine the relative amylolytic activities of starch-degrading ruminal bacterial species, to identify the products of amylolytic attack, and to examine the effects of growth substrate on enzyme production. This information will be useful in evaluating the potential for the manipulation of ruminal fermentation to optimize starch utilization by ruminants.
MATERIALS AND METHODS
Organisms and growth conditions. R. amylophilus H18, S. bovis JB1, B. ruminicola 23 and B14, B. fibrisolvens 49, A38, and Dl, S. ruminantium HD4 and D, and Succinivibrio dextrinosolvens 22-B were obtained from M. P. Bryant, Department of Animal Sciences, University of Illinois, Urbana. All organisms were grown anaerobically in batch cultures at 39°C in a complex medium containing 0.2% glucose, maltose, or starch as the carbon and energy source (9) . The medium also contained 0.02% L-methionine when cultivation of B. ruminicola 23 was desired. All strains were transferred at least once through experimental medium before experiments were conducted. Growth was monitored spectrophotometrically (Spectronic 70; Bausch & Lomb, Inc., Rochester, N.Y.) by determining the optical densities of cultures at 660 nm. Cultures were harvested by centrifugation (10,000 x g for 20 min at 4°C), and the cells were then suspended in 100 mM potassium phosphate buffer (pH 6.8). Cells and cell-free supernatant fluid samples were analyzed immediately for amylase activities.
Amylase assay. The amylase activities of samples were determined by monitoring the increase in reducing sugar formation from starch with the dinitrosalicylic acid reagent (13) . Reaction mixtures contained 0.5 ml of soluble potato starch (1.0% in 100 mM potassium phosphate buffer [pH 6.8] containing 0.06% CaCl2 * 2H20) and 0.5 ml of appropriately diluted enzyme sample (cells or cell-free culture fluid). Mixtures were incubated at 39°C for 10 min, enzyme activity was stopped by the addition of 1. Products of amylose digestion. The products of amylolytic attack were determined by measuring the release of oligosaccharides from amylose. Aliquots (10 ml) of cell-free fluid from cultures grown overnight in maltose-containing medium were combined with 10 ml of an amylose solution (2% in 50 mM potassium phosphate buffer [pH 6.8] containing 0.06% CaCl2 * 2H20). These mixtures were incubated at 39°C, and 1-ml samples were removed at various times and desalted with a mixed-bed ion-exchange resin (90 mg/ml; AG 501-X8D; Bio-Rad Laboratories, Richmond, Calif. charides (as determined by high-pressure liquid chromatography) was used as both the growth and amylase assay substrate. Oligosaccharide standards and amylose also were obtained from Sigma.
RESULTS
Growth and amylase activity. To determine their relative starch-degrading abilities, individual strains of ruminal bacteria were grown in starch-containing medium and the amylase activities produced were determined (Table 1 ). Of the strains tested, the highest levels of amylase were produced by R. amylophilus H18 and S. bovis JB1. Other strains that produced amylase and grew well in the starch-containing medium included B. fibrisolvens 49 and A38 and B. ruminicola 23 and B14. S. ruminantium D, B. fibrisolvens Dl, and S. dextrinosolvens 22-B were able to grow in this medium, but their growth was much less than that seen when glucose was provided as the energy source (less than one-half [data not shown]). S. ruminantium HD4 grew poorly and produced little amylolytic activity. Maintenance of anaerobiosis during sample collection and assay did not enhance the activity of any of the strains, including those with low activities.
Effect of carbohydrate growth substrate. Amylase production was measured for R. amylophilus H18, B. ruminicola 23 and B14, B. fibrisolvens 49 and A38, and S. bovis JB1 grown in medium containing glucose, maltose, or starch. The effects of these carbohydrates on growth and the production of amylase by these organisms are presented in Table 2 .
All the strains tested grew well on the three carbohydrate sources, except for R. amylophilus, which failed to grow when glucose was the growth substrate. For B. ruminicola 23 The effects of the carbohydrate source on the synthesis of amylolytic activity varied with species and strain. R. amylophilus produced comparable levels of amylase activity whether maltose or starch was provided for growth. Compared with glucose-grown cultures, both B. ruminicola strains produced higher levels of activity when grown in maltose-or starch-containing medium. For strain 23 , growth on these substrates resulted in 8-and 10-fold increases, respectively. A similar pattern was observed for strain B14, but growth on maltose and starch caused only three-and fourfold increases in activity levels, respectively, over that produced in glucose-containing medium.
Growth of the B. fibrisolvens strains in starch-containing medium resulted in increases in amylase activities of much greater magnitudes than were observed for the B. ruminicola strains ( Table 2) . Compared with glucose-grown cultures, growth on starch resulted in 32-and 26-fold increases of amylolytic activity for strains 49 and A38, respectively. When maltose was provided for growth, the levels of activity produced by strain 49 were similar to those seen with starch-grown cultures. In contrast, the level of amylase produced in maltose-grown cultures of strain A38 were much less than that seen in starch-grown cultures (about one-fifth). S. bovis JB1 produced high levels of amylase activity when provided with either maltose or starch for growth, and these activity levels were approximately 12 and 14 times higher, respectively, than for glucose-grown cultures.
Depending upon species and strain, varying the carbohydrate source in the medium sometimes caused changes in the apparent location of amylolytic activity in the culture. This was particularly true for S. bovis JB1 and B. fibrisolvens 49.
When these strains were grown in starch-containing medium, most of the amylase activity was found associated with the cell pellet. However, with growth on maltose, this activity was almost entirely present in the cell-free culture fluid. A similar but smaller shift in the distribution of amylase activity with carbohydrate source was noted for the B. ruminicola strains. For R. amylophilus H18 and B. fibrisolvens A38, growth on the various carbohydrates had little effect on the location of amylase. The activity of B. fibrisolvens A38 was always largely associated with the cells, whereas that of R. amylophilus H18 was equally divided between the cell-free culture fluid and the cell pellet.
Products of amylose digestion. Since all species examined produced some extracellular amylolytic activity when grown on maltose, cell-free culture fluids were incubated with amylose and oligosaccharide products of amylose hydrolysis were determined. With B. ruminicola B14, the products included maltose, maltotriose, maltotetraose, maltopentaose, maltohexaose, and maltoheptaose (Fig. 1) . Prolonged incubation of enzyme and substrate resulted in a decrease of larger oligosaccharides, with a corresponding increase of smaller oligosaccharides.
The products of amylose hydrolysis with time for the various species examined are shown in Table 3 . In all instances, the products of amylolytic attack were mixed oligosaccharides, but the pattern of products observed varied somewhat with species. The amylolytic activities of B. fibrisolvens 49, R. amylophilus, and S. bovis produced similar patterns of oligosaccharides, with maltose through maltotetraose being the major products detected. B. fibrisolvens 49 and R. amylophilus also generated a small amount of glucose, whereas S. bovis incubations resulted in little if any accumulation of this compound. Because of the low levels of extracellular amylolytic activity produced by B. fibrisolvens A38 and B. ruminicola 23 (Table 2) , extended incubation times were required to determine the products of amylose digestion by these organisms. Digestion of amylose by the extracellular amylolytic activity from strain 23 resulted in 0 G1, Glucose; G2, maltose; G3, maltotriose; G4, maltotetraose; G5, maltopentaose; G6, maltohexaose; G7, maltoheptaose. The standard errors of the means for G1 through G7 were 0.1, 0.6, 0.5, 0.5, 0.3, 0.3, and 0.6, respectively.
I-, Not detected (less than 0.05 mg/ml).
the formation of glucose through maltotetraose as products, while maltopentaose and maltohexaose were produced in addition to these products when strain A38 was used.
DISCUSSION
Ecological studies of ruminal microbiology have attempted to identify which species of microorganisms are most numerous in the rumen under a particular dietary regimen. One method uses selective media to determine the numbers of organisms performing a particular metabolic activity such as cellulose or pectin digestion (5, 6) . Another approach is to characterize isolates obtained with general purpose, nonselective media, determine the most numerous organisms, and establish which metabolic abilities they exhibit (21) . This has been a useful method for the identification of proteolytic organisms from the rumen (1) . In both of these approaches it is implied that the predominant (most numerous) species are the organisms most important in the digestion of the particular dietary component in question. Clearly this is an important consideration in the determination of the relative importance of a particular organism to the function in question. These approaches, however, underestimate or ignore the capacity of individual species to perform a given metabolic function and the potential for regulation of that function, given the multitude of substrates available for utilization in the rumen.
A number of organisms have been isolated that exhibit the capacity for digestion and utilization of starch. These include S. bovis, R. amylophilus, B. ruminicola, and B. fibrisolvens (14) . When the relative ability for starch digestion by these ruminal bacteria was examined (Table 1) , R. amylophilus H18 and S. bovis JB1 exhibited the greatest capacity (15 to 20 U/mg of cell protein), followed by B. fibrisolvens 49 and A38 (2 to 10 U/mg of cell protein) and B. ruminicola 23 and B14 (approximately 1 U/mg of cell protein). All these strains grew rapidly in starch-containing medium, and the growth rates were almost always more rapid than those supported by maltose (Table 2 ). More rapid growth on starch than on maltose suggests two things: (i) hydrolysis of starch, and therefore amylase activity, is probably not rate limiting for growth; and (ii) degradation of starch may result in the formation of products in addition to or other than maltose which allow for the more rapid growth of these cultures.
Some of the strains examined in the initial screen were able to grow in starch-containing medium but produced little amylase as measured by the method used in this study.
These included B. fibrisolvens Dl, S. ruminantium D, and S.
dextrinosolvens. S. dextrinosolvens hydrolyzes starch incompletely to limit dextran, suggesting that this organism produces an amylolytic activity with an exo-splitting mechanism and is unable to digest starch beyond internal branch points (M. P. Bryant, personal communication). A similar type of starch-degrading mechanism may be used by the other strains. Alternatively, these organisms might be ecologically important as dextrin utilizers, as has been suggested for S. dextrinosolvens.
The amylase activities of B. ruminicola 23 and B14, S. bovis JB1, and B. fibrisolvens 49 and A38 appear to be regulated, since these strains produced higher levels of activity in starch-containing medium than when grown on glucose (Table 2 ). In contrast, R. amylophilus H18 probably produces amylase constitutively. This is not surprising because this organism can grow only on starch or its hydrolytic products (maltose and dextrins) and not on glucose (8) . In most instances high levels of amylase were produced by cultures grown in maltose-containing medium. The notable exception was B. fibrisolvens A38. Although this strain produced higher levels of amylase on maltose than on glucose, the levels were much less than those produced by starch-grown cultures. Full expression of amylolytic activity by this strain may require that the growth medium contain other products of starch hydrolysis (e.g., isomaltose and dextrins). The mechanism of control of enzyme synthesis in these organisms cannot be gleaned from these experiments, and more detailed experimentation is required to determine whether amylase production by these organisms is subject to induction or repression or both.
Growth of strains on different carbohydrates sometimes caused changes in the distribution of amylase in the cultures. For S. bovis JB1, B. fibrisolvens 49, and B. ruminicola 23 and B14, growth in starch-containing medium resulted in the production of largely cell-associated activity, whereas growth on maltose resulted in a marked increase in the amylase activity present in extracellular fluids ( Table 2 ). The significance of this change in enzyme location is unclear, but it is interesting that the growth of all strains in starchcontaining medium was accompanied by an apparent coagulation of starch substrate. This might be indicative of a VOL. 54, 1988 sedimentable enzyme-substrate complex that occurs in starch-grown cultures but not in maltose-grown cultures.
The products of amylose digestion by extracellular amylase activities produced by these six strains were mixed maltooligosaccharides (maltose to maltoheptaose) and, in some instances, a small amount of glucose (Table 4 and Fig.  1 ). It is interesting that in most instances the digestion of amylose by the amylolytic activities produced by these species of ruminal bacteria resulted in significant accumulations of maltotriose. However, analysis of the spent medium from starch-grown cultures showed no detectable maltotriose, and only small amounts of isomaltose remained after the growth of cultures ceased (data not shown). Since most amylolytic enzymes exhibit relatively poor hydrolytic activities for maltotriose (18) , these organisms probably possess some additional mechanism for further digestion and utilization of this oligosaccharide.
This pattern of products indicates that these organisms produce an endo-splitting activity like that of (x-amylase, which hydrolyzes internal bonds randomly and produces similar products of hydrolysis (20) . This does not preclude the presence of other amylolytic enzymes, for instance, ,-amylase or glucoamylase, which have exo-splitting activities producing only maltose and glucose, respectively; however, the endo-splitting activity could be solely responsible for the pattern of products observed for these strains. On the basis of these data, it seems likely that mixed maltooligosaccharides are the intermediate products of starch digestion in the rumen and might be available to dextrin-utilizing bacteria such as S. dextrinosolvens (2) . This hypothesis is similar to the proposed scheme for cellulose digestion in the rumen in which cellulolytic bacteria attack cellulose and generate cellulodextrins, which can then be used by noncellulolytic bacteria such as B. ruminicola and S. ruminantium (15) .
The present research represents an effort to describe the initial process involved in the digestion of starch by ruminal bacteria. Continued research on the biochemical characteristics of amylases, mechanisms of regulation, and processes involved in the assimilation of hydrolytic products (i.e., dextrins) will be necessary before a clear understanding of starch utilization by ruminants is achieved. Information derived from these studies should be useful in devising strategies to enhance the starch-utilizing capacity of some species and control the growth of other, less desirable species (e.g., S. bovis).
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